INTRODUCTION
Genetic information (DNA) in many organisms is replicated before cell division by an enzyme DNA polymerase (pol) [1] . The reaction catalysed by this enzyme requires a partially doublestranded primer-template complex, a single-stranded DNA (template) with which another complementary single-stranded DNA (primer) is hybridized [1] . During the replication reaction the DNA chain grows from the 3h end of the primer along the template in a 5h to 3h direction until the entire DNA complex becomes a complete double strand. No more DNA synthesis occurs after the complete double-stranded DNA has been made [1] . Evidently, all the genetic information is already contained in the pre-existing primer-template complex ; no genetic information is created in this reaction.
In 1985, Belkin and Jannasch isolated a hyperthermophilic Archaea, Thermococcus litoralis (Tli), from a submarine thermal vent in the Bay of Naples [2] . The bacteria grow at an extremely high temperature (55-98 mC) [3] . Owing to the resistance of its constituent cellular proteins to high temperature, DNA pol of Tli [4, 5] is suitable for PCR, in which high temperature (about 95 mC) is required to denature duplex DNA into single-stranded DNA at each cycle of the reaction. We recently had a chance to use Tli DNA pol for PCR as a tool. During the course of the PCR experiment, we electrophoresed on agarose gel a reaction mixture containing the Tli DNA pol, four deoxyribonucleoside 5h-triphosphates (dNTPs) and salts needed for the reaction but, as a control, without a primer-template complex. We found unexpectedly some DNA-like material on the ethidium bromidestained gel visualized under a UV lamp. Further extensive experiments have confirmed that DNA is indeed synthesized in the reaction without a primer-template complex, indicating that genetic information flows from protein to DNA, a reversal of the common biochemical rule.
This paper describes the creative DNA synthesis by DNA pol of Archaea and extensive characterization of the DNA syntheAbbreviations used : pol, polymerase ; Tli, Thermococcus litoralis ; dNTP, deoxyribonucleoside 5h-triphosphate. * To whom correspondence should be addressed. vigorously excluded ; for example, pretreatment of DNA polymerase with DNase I or extensive chromatographic purification of the substrate, deoxyribonucleoside 5h-triphosphates, did not abolish the primer-template-independent DNA synthesis. The DNA synthesized was (CTAGATAT) n , (TAGATATCTATC) n or a related sequence. Similar repetitive sequences are found in centromeric satellite DNA of many organisms. The significance of this ab initio DNA synthesis is that genetic information can flow from protein to DNA.
sized. The implication of this ab initio DNA synthesis in terms of origin and evolution of genetic materials [6] is also discussed.
MATERIALS AND METHODS

Tli DNA pol reaction
A standard reaction mixture contained 50 ng (1 unit) of Tli DNA pol [4, 5] (recombinant and produced in Escherichia coli ; New England Biolabs ; 98 % pure as estimated by electrophoresis) in 50 µl of pol solution containing 10 mM KCl, 10 mM (NH % ) # SO % , 20 mM Tris\HCl, pH 8n8, 6 mM MgSO % , 0n1% Triton X-100 and four dNTPs (200 µM each) in which either one or all are labelled with $#P in their respective α positions. The mixture was incubated for various lengths of time at 74 mC and the reaction was terminated by adding 2 µl of 500 mM EDTA (sodium salt), pH 8n0. The mixture was then electrophoresed on a 1% agarose gel [7] , or its 5 % trichloroacetic acid-insoluble radioactivity was determined after filtration on a glass microfibre filter [7] . The gel was stained with 0n5 µg\ml ethidium bromide and photographed under a UV lamp as described [7] .
Reaction with pretreated Tli DNA pol
Tli DNA pol (20 ng), or 6 µg of yeast tRNA or 560 ng of HindIII-cut λ phage DNA as a control, was incubated in 20 µl of the pol solution without dNTP but with either DNase I (Boehringer ; 26 ng) or RNase A (Worthington ; 20 ng) at 37 mC for 2 h, and then dNTP (final 200 µM) was added to start the DNA pol reaction at 74 mC for 3 h. DNase I added in the first phase is immediately inactivated at the high temperature (74 mC) of the second phase. Each sample was then electrophoresed and stained as above.
In another experiment, 0n1 unit\ml Tli DNA pol was treated at 20 mC for 1 h with 8 M urea, as a denaturing agent, in a solution containing 0n2 M Tris\HCl, pH 8n0, 0n5 M KCl and 1 mM dithiothreitol, and then dialysed against 50 vol. of the same solution but containing decreasing concentrations (6, 4, 2 and 1 M) of urea at 4 mC for a total period of 64 h using a dialysis membrane (50 kDa cut-off range) to remove urea and renature the enzyme. It was finally dialysed against a solution containing 10 mM Tris\HCl, pH 7n4, 0n1 M KCl, 2 mM MgCl # , 1 mM dithiothreitol, 0n1 % (v\v) Triton X-100 and 10 % (v\v) glycerol at 4 mC for 4 h. The urea-denatured and then renatured Tli DNA pol was subsequently incubated at 37 mC for 1 h with or without (as a control) a combination of 6 µg\ml RNase A, 120 units\ml RNase T1 and 6n25 µg\ml DNase I to destroy DNA that may be present in the enzyme preparation. Tli DNA pol thus treated was used directly for the DNA synthesis reaction as described above. The introduced nucleases were not removed, because they were not active at 74 mC and thus did not interfere with the expected following DNA-synthesis reaction.
Purification of dNTP by gel-filtration chromatography
In some experiments dNTP was further purified by highresolution gel-filtration chromatography using a 30 cm-long (1 cm-diameter) column of Superose 12 (Pharmacia) equilibrated with 150 mM NH % HCO $ ; a mixture of four 2n5 mM dNTPs was chromatographed five times in 100 µl aliquots, and peak fractions corresponding to 200-1000 Da were collected, pooled, lyophilized twice, and finally reconstituted in 200 µl of distilled water. The final concentration of dNTPs was confirmed by UV absorbance. These ' ultrapurified ' dNTPs were used for some of the DNA-synthesis reactions.
Tli DNA pol reaction with pre-existing oligo DNA
The standard Tli DNA pol reaction (final 50 µl) was carried out in the presence of [$#P]dNTP as described above except that the reaction mixture also contained 0n5 µg of single-stranded oligo DNA. The acid-insoluble radioactivity was determined after 1 h incubation. The oligo DNA added was GAATTC, GATATC, AAGCTT, TCTAGA, CCCGGG, CTAGATAT or TAGATATCTATC.
Detection of human DNA by Alu PCR
A portion (10 µl) of the standard Tli DNA pol reaction mixture without or with 10 ng of Tli DNA pol was incubated (final 100 µl) without or with various amounts of human genomic DNA (Clontech) in a solution containing 10 mM Tris\HCl, pH 8n3, 50 mM KCl, 2 mM MgCl # , four dNTPs (200 µM each), 2n5 units of Taq DNA pol (Perkin-Elmer) and 100 pM primer DNA (AAGTCGCGGCCGCTTGCAGTGAGCCGAGAT), specific for an ' Alu repeat sequence ', a short ubiquitous interspersed repeat sequence in human genome, for PCR to amplify numerous segments of human genomic DNA sandwiched by two Alu sequences that face head-to-head, the average length of the segments being 4 kbp. The PCR was repeated for 35 cycles : each cycle was a sequence of 94 mC for 1 min, 55 mC for 45 s, and 68 mC for 5 min. A 20 µl aliquot was then electrophoresed on a 2 % Nusieve 3 : 1 agarose gel (FMC) to separate low-molecular-mass DNA and stained with ethidium bromide [7] . After electrophoresis, the PCR products in the gel were subjected to Southern blotting [7] using $#P-labelled [7] human genomic DNA (120 ng ; 6n7i10' c.p.m.) as a probe.
Characterization of Tli DNA pol product
Tli DNA pol product was prepared as described in the standard reaction but in a larger scale (475 ml) for 3 h, and purified by phenol treatment, ethanol precipitation and CsCl centrifugation [7] . A final yield was 9n8 mg as determined by A #'! . A 590 ng aliquot was next digested with DNase I (10 units), S1 nuclease (Takara ; 0n26 unit) or mung bean nuclease (Toyobo ; 0n43 unit) at 37 mC for 30 min in 10 µl of solution (for each enzyme respectively : 100 mM sodium acetate buffer, pH 5n0, 5 mM MgSO % ; 30 mM sodium acetate buffer, pH 4n6, 280 mM NaCl, 1 mM ZnSO % ; 50 mM sodium acetate buffer, pH 5n0, 30 mM NaCl, 1 mM ZnSO % ). As a control, 290 ng of HindIII-cut λ phage DNA or 200 ng of M13mp18 phage single-stranded DNA was likewise digested. In a separate reaction, a 350 ng aliquot was digested with 0n12 unit of Bal31 nuclease in 20 µl of solution containing 600 mM NaCl, 12 mM CaCl # , 12 mM MgCl # , 20 mM Tris\HCl, pH 8n0, and 0n2 mM EDTA at 37 mC for various time intervals. Each reaction was terminated by adding 1 µl of 500 mM EDTA (sodium salt), pH 8n0, electrophoresed on a 1 % agarose gel and stained with ethidium bromide [7] .
Molecular cloning of Tli DNA pol product
Another 200 µg aliquot of the Tli DNA pol product was digested at 15 mC for 20 min in 0n5 ml of solution containing 50 mM Tris\HCl, pH 7n6, 10 mM MnCl # , 50 µg of BSA and 0n04 unit of DNase I to shorten its length, and purified by phenol treatment, ethanol precipitation and CsCl centrifugation [7] . The partially digested DNA was next cloned into a pUC19 plasmid at its SmaI site, and clones containing an insert DNA were obtained after screening. The sequences of the insert DNA were determined by a dideoxy chain-termination method [8] for both strands. GenBank data searches were carried out by a FASTA search [9] .
RESULTS
Tli DNA pol can synthesize DNA (hereafter called pol product) of 0n1-50 kbp in the complete absence of a primer-template complex ( Figure 1A ). The size of the pol product was 0n1-50 kb after alkaline denaturation [7] into single strands (results not shown). When the reaction was carried out using [α-$#P]dNTPs and the synthesis of the pol product was measured as acidinsoluble material [7] , there was a lag time of 1 h before apparent synthesis began ( Figure 1B) . The lag time may be explained by the fact that short DNA is difficult to precipitate with 5 % trichloroacetic acid [7] and therefore at first it was not detected. The reaction proceeded until most of the four dNTPs in the reaction mixture was incorporated into acid-insoluble material ( Figure 1B) . The radioactive material thus synthesized was completely acid-soluble after DNase I digestion ( Figure 1B , open square in the inset), indicating that the acid-precipitable material is indeed DNA. The 1 h lag time of DNA synthesis without a primer-template complex shown in Figure 1B persisted despite the addition (final 10 µg\ml) of various single-stranded oligo DNAs of 6 to 12 bases long (no incorporation at all of [$#P]dNTP into acid-insoluble material, see the Materials and methods section for the sequence), suggesting that pre-existing DNA in the reaction mixture is not able to shorten the 1 h lag time. DNA synthesis without a primer-template complex was not observed under similar (but optimal for the respective enzymes) reaction conditions by DNA pol from other species, including E. coli (Figure 2, lanes 3-9) .
Next we asked whether the apparent DNA synthesis by Tli DNA pol without a primer-template complex is due to some contaminant (e.g. DNA or RNA) in the enzyme preparation used. Pretreatment of the Tli DNA pol ( 98 % pure) with DNase I or RNase A did not abolish this primer-templateindependent DNA synthesis (Figure 3) , indicating that the pol product was not made by virtue of contaminating DNA or RNA, if ever present, in the enzyme preparation used.
We also tried to detect human genomic DNA, as a possible contaminant in the reaction mixture, by Alu PCR : ' Alu repeat sequence ' is a highly repetitive (about 9i10& copies per haploid genome) sequence in human genome and is frequently used as a marker for human genomic DNA. As shown in Figure 4 (A), Alu PCR can detect at least 0n5 pg of human genomic DNA as numerous 1-2 kbp amplified DNA segments (which appear as a smear on the gel), in 0n2 vol. (10 µl) of the standard Tli DNA pol reaction mixture, which contains 10 ng of Tli DNA pol (lanes 1, 3, 5, 7 and 9). The primer-template-independent DNA synthesis also occurs in this PCR mixture, because Tli DNA pol is still active ; the product (pol product) appears near the top in the 2 % Nusieve 3 : 1 agarose gel. The Tli DNA pol reaction mixture without addition of human genomic DNA, whether Tli DNA pol is present (10 ng, lane 1) or not (lane 2), does not show any Alu PCR-amplified DNA, demonstrating that human genomic DNA, if present as a contaminant, should be no more than 0n5 pg in 10 µl of the final mixture for the Tli DNA pol reaction.
To remove DNA that may be ' held ' in the Tli DNA pol, the enzyme was first denatured with 8 M urea, renatured by dialysis through a membrane of 50 kDa cut-off range and then treated with a mixture of nucleases. The treated enzyme had the same capacity for primer-template-independent DNA synthesis (Table  1) , strongly excluding the possibility that DNA is ' held ' by the Tli DNA pol and that this DNA served as a primer and\or template for the apparent primer-template-independent DNA synthesis observed in Figure 1 . In one experiment we further purified the four dNTPs used for the standard Tli DNA pol reaction to remove any DNA that may have contaminated them. DNA synthesis without a primer-template complex also occurred with these ' ultrapurified ' dNTPs ; 1n8-fold higher incorporation of [$#P]dNTP into acid-insoluble material was observed after 4 h incubation than that of dNTPs without further purification. Taken together, these results strongly support the proposal that the DNA synthesis shown in Figure 1 indeed occurred in the complete absence of pre-existing DNA.
Although the putative DNA, pol product, was digested by the endonuclease DNase I ( Figure 5A, lane 1) or the exonuclease Bal31 ( Figure 5B) , it was not digested at all by a single-strandspecific endonuclease, S1 nuclease ( Figure 5A, lane 4) , or mung bean nuclease (lane 7). Single-stranded DNA used as a control was completely digested under the same conditions (lanes 6 and 9). These results indicate that the pol product is double-stranded linear DNA. This conclusion was further confirmed by electron microscopy (linear DNA) and CD spectroscopy (right helix Bform DNA) (results not shown).
To determine the base sequences of the pol product, it was partially digested with DNase I and cloned into a plasmid vector pUC19. In the 17 clones obtained, the sizes of the insert DNA were 13-56 bp. On sequencing, the cloned DNA had a tandem repetitive sequence of (CTAGATAT) n (15 clones), (TAGATATCTATC) n (one clone) or a related sequence (one clone) ( Figure 6 ). The smaller-than-expected sizes of the insert DNA appear to be due to deletions occurring during the cloning procedures, as are found during cloning of various repetitive DNA sequences [13, 14] . A similarity search of the above sequences with known natural DNA sequences using a GenBank DNA database [9] revealed that very similar sequences are present in many natural repetitive DNA sequences ( Figure 6 ). These natural sequences are microsatellite DNA sequences near the centromere [11] and the so-called GATA-repeat sequences in the centromere [10] . 
DISCUSSION
DNA synthesis (dAT copolymer) without a primer-template complex has been reported with partially purified (4-11 % as estimated from specific activity) DNA pol of E. coli [15] and Bacillus subtilis [16] . We could not detect such DNA synthesis with highly purified ( 95 %) enzyme preparations of these species, thus the ' unprimed ' or ' de novo ' synthesis of the dAT copolymer, as was claimed [15, 16] , appears to occur by virtue of some contaminant in the enzyme preparations used. We excluded the possibility of pre-existing DNA being present as a contaminant in our reaction mixture by various experiments ( Figures  3, 4 and Table 1 ). Such a possibility may be very small, if at all, in the primer-template-independent DNA synthesis by Tli DNA pol shown in Figure 1 .
Judging from the crystallographic structure of the primertemplate-pol ternary complex [1, [17] [18] [19] [20] , it is plausible that some amino acid side chains or fine three-dimensional structures of the ' fingers subdomain ' of DNA pol [1, 17] , which is believed to touch the single-stranded region of the template [17] , determine the sequence of the dNTPs to be incorporated and eventually aligned into a specific sequence as is found in our pol product ( Figure 6 ). Whatever the mechanism, certain information embodied in the protein has been converted into specific information (a base sequence) in DNA in this DNA pol reaction, which is a reversal of the common biochemical rule.
The finding that the DNA sequences synthesized without a primer-template complex (Figure 1 ) are mostly tandem repeats ( Figure 6 ) and are similar to many natural repetitive sequences, e.g. centromere DNA [13] , suggests the possibility that the latter were indeed synthesized by DNA pol and in the absence of a template. Although RNA is believed to have been present before protein and DNA appeared in the so-called ' RNA world ' [6] , no ab initio RNA chain synthesis is ever found in a real biological or quasi-biological system. RNA synthesis absolutely requires a pre-existing chain of DNA or RNA. Our finding that protein can
